An efficient management of water resources is considered very important for Mediterranean regions of Italy in order to improve the economical and environmental sustainability of the agricultural activity. The purpose of this study is to analyze the components of soil water balance in an important district included in the regions of Basilicata and Puglia and situated in the Jonical coastal area of Southern Italy and mainly cropped with horticultural crops. The study was performed by using the spatially distributed and physically based model SIMODIS in order to individuate the best irrigation management maximizing the water use efficiency and minimizing water losses by deep percolation and soil evaporation. SIMODIS was applied taking in to account the soil spatial variability and localization of cadastral units for two crops, durum wheat and water melon. For water melon recognition in 2007 a remote sensed image, from SPOT5 satellite, at the spatial resolution of 10 m, has been used. In 2008, a multi-temporal data set was available, from SPOT5 satellite to produce a land cover map for the classes water melon and durum wheat. Water melon cultivation was simulated adopting different water supply managements: rainfed and four irrigation strategies based on (i) soil water availability and (ii) plant water status adopting a threshold daily stress value. For each management, several water management indicators were calculated and mapped in GIS environment. For seasonal irrigation depth, actual evapotranspiration and irrigation efficiency were also determined. The analysis allowed to individuate the areas particularly sensitive to water losses by deep percolation because of their hydraulic functions characterized by low water retention and large values of saturated hydraulic conductivity. For these areas, the irrigation based on plant water status caused very high water losses by drainage. On the contrary, the irrigation scheduled on soil base allowed to control better this component of soil water balance. SIMODIS resulted a useful tool to analyse the soil water balance at spatial scale and to support the local irrigation authority for planning the irrigation water distribution.
Introduction
In Mediterranean regions of Southern Italy, the efficient use of water resources in agriculture is extremely important in order to improve the economical and environmental sustainability of the agricultural activity in an environment characterized by high evaporative demand of atmosphere, water scarcity and increasing negative consequences of climate change. Different simulation models can be used for describing the soil water fluxes at spatial and temporal scale and characterizing the physical and biological processes of the soil-plant-atmosphere agrosystem. For this purpose, many deterministic models have been constituted and proposed in order to simulate, with varying degrees of complexity, processes regarding the crop (growth, root uptake, translocation of photosynthetic assimilates, etc.), soil (infiltration, runoff, profile redistribution, deep percolation, etc.), groundwater (capillary rise, water table fluctuation, etc.) and atmosphere (evaporative processes, gas fluxes, etc. ).
Numerical models are increasingly being used to simulate water and solute movement in the vadose zone for a variety of applications in research and soil/water management. While a large number of models of various complexity have been developed over the years, relatively few have been tested under field conditions. Soil water flow in physically-based models is described by Richards' equation. Application of this equation requires knowledge of the soil water retention, θ(h), and hydraulic conductivity, K(h), where h (L) is the soil water pressure head, θ (L ) is the hydraulic conductivity. The spatially distributed and physically based model SIMODIS (SImulation and Management of On-Demand Irrigation Systems) (D'Urso, 2001 ) is a Decision Support System (DSS) based on the integration of different tools such as agrohydrological hydraulic simulation model and GIS techniques where, for each calculation unit with homogeneous climate, crop and soil conditions, in which the total area can be divided, the SWAP model (van Dam et al., 1997) is applied in distributed approach. In particular the model numerically solves the following one-dimensional Richards' water flow equation: these images is more complex than with the medium resolution remote sensing data. It is then necessary to have a multi-temporal series of images or to use classifiers taking into account also proximal information.
Following other case studies (Minacapilli et al., 2008; Minacapilli et al., 2005; D'Urso et al., 1999) , the main objective of this study, carried out at distributed scale, is to analyze the components of soil water balance through the model SIMODIS, to individuate the irrigation strategies with the highest efficiency and to localize the main vulnerabilities in an important district included in the regions of Basilicata and Puglia and situated in the Ionical coastal area of Southern Italy as regarding the cultivation of durum winter wheat (Triticum durum Desf.) and water melon (Citrullus lanatus Thunb).
Materials and methods
The agricultural district of Jonical coast is located in the Puglia and Basilicata regions and has an extension of approximately 620 Km 2 (Fig.  1) . The area extends along the coast of Jonical Sea and toward the inside of the territory to an altitude of 60 meters including the basins of four rivers: Sinni, Agri, Cavone and Basento. With an extension of 4303 ha and 21672 ha for permanently and no-irrigated lands, respectively, the area is mainly cropped with horticultural crops, orchards and vineyards, distributed in relation to the position in the landscape: fruit and vegetable crops prevail in the alluvial deposits, cereals and olive trees predominate in the marine terraces (INEA, 2001) .
The data set utilized for producing the land cover maps includes: (i) a multispectral remote sensing image used to discriminate the water melon cover class, taken by SPOT5 satellite, with the spatial resolution of 10 m and four bands in visible and near/medium infrared spectrum, dated July 2007, and (ii) 3 multi-temporal remote sensing images taken by SPOT5 satellite in May, June and July 2008 used in order to discriminate the water melon and cereal crops cover class.
As the fields of cereal crops have a spectral signature very similar to durum wheat, in this work the cereal crops are included in the class durum wheat. For water melon recognition of Ventrella D., Di Giacomo E., Fiorentino C., Giglio L., Lopez R., Guastaferro F., Castrignanò A. 194 ∂θ ∂t ∂h ∂z
in which θ is the soil water content, k(h) (LT -1 ) is the function of hydraulic conductivity, h is the soil water pressure head, z (L) is the vertical coordinate (positive upward), t (T) is the time variable and S is the root uptake term (T -1 ). The physically based models have rarely been applied to large areas as district or basin scale because of difficulty to have the required input data about soil, crop and land use typically affected by temporal and spatial variability. For this concern, the exploiting of remote sensing information is a useful tools for several aspects, among which the spatial distribution of crop cultivation.
The land cover maps can be produced by processing remote sensed images from IKONOS or SPOT5 satellites that give an important opportunity to map ground features, which were not detectable in the past by using medium resolution remote sensed data (LAND-SAT). However, classification procedure with 2007, providing a single image, an object-oriented supervised classification technique was applied. In 2008, since it was available a multitemporal data set, a traditional Maximum Likelihood technique was applied for both water melon and durum wheat cover class (Fiorentino et al., 2010) .
To investigate the multivariate spatial structure of soil data a linear model of coregionalization (Castrignanò et al., 2000) was fitted to all direct and cross-variograms of the textural components and the organic matter content of the first two pedological horizons (0-40 cm for topsoil and 41-100 cm for subsoil), by expressing each variogram as a linear combination of the same basic structures.
Finally, all the variables were interpolated on a 500 by 500 m-grid using the geostatistical technique of cokriging (Goovaerts, 1997) . All the geostatistical analyses were performed with ISATIS software package (ISATIS, 2009) .
In order to divide the study area into homogeneous soil clusters or classes, without any previous information about the existence and the number of the groups, an algorithm, based on nonparametric density estimate, was used (Scott, 1992) . The approach utilises hyperspherical uniform kernels of fixed radius to estimate density. The number of clusters is a function of the radius (smoothing parameter) and generally tends to decrease as the smoothing parameter increases. However, the relationship is not strictly monotonic and several different values of the smoothing parameter generally have to be specified before choosing the optimal number of clusters. The method is not inherently hierarchical, however, it can do approximate nonparametric significance tests for the number of clusters. An approximate p-value for each cluster is computed by comparing the estimated maximum density in the cluster with the estimated maximum density on the cluster boundary. The least significant cluster is then repeatedly joined with a neighbouring cluster until all remaining clusters are significant. As the variables are not measured in comparable units, all the variables were scaled to the same mean 0 and to the same variance 1. The clustering approach was implemented by using the MOD-ECLUS procedure of the SAS/STAT software package (SAS, 2008, release 9.2) .
In order to obtain spatially contiguous clusters the clustering algorithm was applied to the data set of the interpolated variables by cokriging and also the coordinates were included in the attribute space.
The SIMODIS model was constituted as a Decision Support System with the main goal to simulate the irrigation requirement of a irrigation district integrating different aspects as: (i) spatial and temporal variability of soil water deficit; (ii) availability and crop requirements of water resources; (iii) structural capability of irrigation networks (D'Urso, 2001) . In this work the first two aspects were considered. The input data set required by SIMODIS model includes: (i) soil hydraulic parameters; (ii) vegetation parameters as upper boundary conditions; (iii) groundwater data to set the bottom boundary conditions; (iv) irrigation data concerning times and depths, fixed or automatically scheduled. The information about the soil concerns the depth and discretization of each horizon soil profile and the parameters of the functions of retention and hydraulic conductivity expressed in the parametric of Mualem-van Genuchten form (van Genuchten, 1980) . In this work, the soil hydraulic parameters were determined through the pedotransfer function HYPRES (HYdraulic PRoperties of European Soils) (Wösten et al., 1998) . This pedotransfer functions come from information collected in the database HYPRES containing information of 5521 soil horizons involving 20 institutions from 12 European countries. On the basis of linear regression, HYPRES estimates the hydraulic parameters of Mualem-van Genuchten equations -θs and θr, the saturated and residual soil water content, Ks, the saturated hydraulic con- ductivity and α, n, and l, usually considered as fitting parameters -starting from the values of sand, silt and clay, as well as organic matter and bulk density. A qualitative variable (topsoil and subsoil), enters in the regression equations assuming values of 0 or 1.
The crop parameters necessary for simulation concern the temporal evolution of: (i) crop coefficients (Kc); (ii) leaf area index (LAI); (iii) fraction cover (FC). The Kc are used to calculate the crop evapotranspiration (ET c ), according to the following equation (Doorenbos et al., 1977) :
where ET 0 is the reference evapotranspiration.
The leaf area index is used to divide ET c into potential transpiration rate, T p (LT -1
) and potential soil evaporation rate E p (LT -1 ), according the following equations (Ritchie et al., 1972) :
The FC is used in the calculation of net precipitation rate (P n ) (Braden, 1985) : measurement campaign of AQUATER project (Rinaldi et al., 2006) , while the values of Kc and root growth were selected according to those suggested in the OTRIS project (Rizzo, 2000) . Both for wheat and for the water melon, the parameters about the reduction of water uptake under condition of soil water stress, have been defined according to those recommended in the SWAP manual (van Dam et al., 1997) .
The bottom boundary conditions are represented by free drainage at the bottom of the soil profile assuming the presence of deep watertable.
The reference evapotranspiration, required as input to the SIMODIS model, was determined using the equation of Priestly-Taylor (Priestley et al., 1972) .
The daily climatic parameters were provided by the regional agency of Basilicata "Agenzia Lucana di Sviluppo e di Innovazione in Agricoltura" concerning minimum and maximum temperatures, precipitation and global radiation. In order to take in account the climate variability, we have utilized 5 data-set coming from as many meteorological stations (Ginosa Marina, Bernalda, Metaponto, Pantano Sottano and Troyli). The correspondent 5 areas were interpolated according the technique of Thiessen polygons (Fig. 2a) .
For winter wheat, usually a rainfed crop, we carried out simulations without irrigation (W1). For water melon, five irrigation managements were adopted: (i) without irrigation (M1); (ii) allowed fraction of soil water deficit of 100% (M2), 50% (M3) and 25% (M4) with the lower limit of soil pressure head (h) equal to the value below which the crop water uptake is reduced; (iii) irrigation strategy based on monitoring of plant water status with the irrigation scheduled when the ratio "actual transpiration/potential transpiration" is equal or lower than a critical fraction defined by user (0.98 in our case) (M5). For all the M_irrigated strategies the irrigation depth is calculated on the basis of soil water content corresponding to the filed capacity.
For each simulation run the following soil water balance indicators were considered at seasonal scale: actual transpiration (Ta, mm), actual evaporation (Ea, mm), deep percolation (Perc, mm), seasonal irrigation depth (Irr, mm), watering depth (Vmed, mm) and seasonal number of irrigations (N i ). Ventrella D., Di Giacomo E., Fiorentino C., Giglio L., Lopez R., Guastaferro F., Castrignanò A. 196 1 + ------1 s c ⋅ P aLAI P n = P -aLAI 1 -where P is the precipitation above the canopy (LT -1 ), a (LT -1 ) is an empirical parameters representing the crop saturation per unit foliage area and s c is the fractional vegetation cover.
Other crop variables required by SIMODIS are those related the temporal evolution of growth roots and the reduction of water uptake under condition of soil water stress (S). The function S is defined by the following equation:
where T p (LT -1 ) is the potential transpiration, z r (L) the rooting depth and α w is a h dependence reduction factor which accounts for water deficit and oxygen stress (Feddes et al., 1978) .
For winter wheat the LAI, the FC, the Kc and root depth values are those reported by Garofalo et al. (2009) . For water melon, the LAI and FC were measured directly during the 2007
The irrigation efficiency (Ei) has been calculated by the following expression: (7) where ETa irr and ETa noirr are the actual evapotranspiration calculated with and without irrigation, respectively.
Results
The time evolution of main crop parameters (FC, LAI, Kc and root depth) for winter wheat and watermelon required by SIMODIS and utilized in this study are shown in Table 1 .
In order to produce the soil map, taking into account the spatial dependence, an isotropic linear model of coregionalization was fitted to all variograms of the multi-variate soil data set, since no significant spatial anisotropies were disclosed. The following basic spatial structures were used for all variograms: (i) nugget effect; (ii) spherical model with range equal of 8 km; (iii) spherical model with range of 35 km. The cokriged maps of the soil variables (not reported) show a clear trend of finer texture from NE to SW.
After several trials, the smoothing parameter in the clustering algorithm was chosen equal to 0.52, because it produced the split of the study area into 4 distinct classes realising the best visual accordance with the prior description of the spatial variation of the soil attributes ( Fig. 2b and 2c) .
The clusters S1 and S3 (Tab. 2), in the Northern and Central parts of the district, respectively, are characterized by the highest percentages of sand (more than 50%) with the first one having a significant component of clay, above all Ital. J. Agron. / Riv. Agron., 2010, 5:193-204 197 Figure 2 . Map of the study area with indication of climatic areas (a) s oil clusters (b) and simulation units (c). in the subsoil (more than 22%). The Ks of such soils are particularly high with values for the topsoil that overcame 50 cm d -1 . Due to significant sandy component, the θs are not particularly high (less than 0.39) contrary to the n parameters (more than 1.2). Such findings indicate high rate of drainage and water profile distribution after infiltration events. In the Central and Southern part of the district the finest component of texture increases in the topsoil (32 and 28% for S2 and S4, respectively) and even more in subsoil (38 and 31%), indicating an higher soil water retention as determined by high values of θs (more than 0.43) and low values of a and n parameters (less than 0.05 cm -1 and 1.17, respectively). The Ks, lower than 47 and 22 cm d -1 for S2 and S4, respectively, indicates a low infiltration rate and a sensitivity to runoff water losses.
In Figure 3 (2008), the average seasonal precipitation was 316 mm with the highest value measured for Bernalda area (413 mm) and the lowest ones of 270 and 288 mm observed in Pantano and Metaponto, respectively. The same Ventrella D., Di Giacomo E., Fiorentino C., Giglio L., Lopez R., Guastaferro F., Castrignanò A. 198 Table 2 . Texture of soils and hydraulic parameters according to Mualem-van Genuchten (1980 O.M. = soil organic matter; θr = 0; θs = saturated soil water content; Ks = saturated hydraulic conductivity; α, l, n = fitting parameters of van Genuchten equation. Tables 3 for winter wheat and Tables 4 and  5 for water melon.
For winter wheat (Tab. 3) average actual transpiration for 2007/2008 season was 180±13 mm, with the map units ranging between 154 and 187 mm. The mean soil water losses by evaporation and deep percolation were 68 mm with a higher variability for the second one as indicated by the standard deviation values (16 mm vs. 9 mm of evaporation). The depths of drainage ranged from 55 mm of G-S1 to 103 mm for B-S1.
Observing the mean values about the cultivation of water melon (Tab. 4), the actual transpiration increased from about 140 mm without irrigation (M1) to over 200 mm, with irrigation, with peak values under M3 and M4 (about 230 mm). The losses by soil evaporation ranged between 44 and 70 mm with a ratio "evaporation/transpiration" almost constant between 0.3 and 0.35. At the contrary high variability characterized the losses by drainage with mean values ranging from 24 (without irrigation, M1) to 91 mm under M5 while the ratio "percolation/transpiration" varied from 0.1 (M3 and M4) to 0.4 (M5). The standard deviation values for each indicator indicated the variability among the 8 map units that was particularly high for percolation with variation coefficients higher than 0.3 in general due to the high or very high values that characterized the S1 and S3 soil clusters. The variability of actual transpiration and evaporation was less accentuated with mean variation coefficients of 0.1 and 0.2, respectively. As result of soil hydraulic characteristics and evaporative demand of atmosphere, the irrigation requirements were different among the map units. The Table 5 reports the two-year averages for water melon. Moving from M2 to M3 and M4 (decreasing the allowed soil water deficit from 100% to 50 and 25%) the seasonal irrigation decreased from 270 to 225 mm, the mean watering (irrigation of a single application) from 78 mm to 39 and 20 mm, while the number of irrigations increased from 3.6 to 5.8 and 11.3. With the M5 strategy the highest values of seasonal irrigation depth were obtained with an average of 348 ± 128 mm with 5.6 ± 3.9 water applications of 70 ± 12 mm each. B-S1  154  77  103  M-S1  189  55  56  M-S2  184  55  69  P-S4  162  72  72  T-S2  186  74  62  T-S4  187  74  71  G-S1  187  69  55  G-S3  186  69  56  Mean  179  68 68 St. Dev.
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Ta = actual transpiration; Ea = actual evaporation; Perc = deep percolation. Table 4 . Two-year averages of soil water balance components (mm) for water melon: actual transpiration (Ta), actual evaporation (Ea) and deep percolation (Perc). B-s1  149  57  48  169  67  87  178  69  50  182  73  49  174  68  81  M-s1  145  33  20  233  62  71  252  67  20  253  76  20  233  63  65  M-s2  144  34  19  224  61  43  249  72  20  250  80  19  230  65  42  P-s4  130  45  21  162  65  55  191  73  22  194  71  22  173  56  44  T-s2  146  47  18  222  75  49  245  85  18  246  88  18  222  67  40  T-s4  153  47  20  206  71  51  242  87  22  246  88  21  216  66  39  G-s1  136  47  23  232  71  74  250  79  20  249  85  25  228  75  83  G-s3  136  43  24  237  76  109  250  79  23  250  85  26  192  98  335   Mean  142  44  24  211  69  67  232  77  24  234  81  25  209  70  91  St. Dev.  8  8  10  29  5  22  30  7  10  28  7  10  25 Regarding the losses by drainage the corresponding graphs highlights the high sensitivity, in order of magnitude, of M5 and M2 irrigation strategies that, for every map unit, showed the highest values of percolation depth: such a trend is particularly evident in G-S3 unit under M5. Finally, the M2 strategy involves the largest depth of watering: from 60 to 100 mm in both the years. At the contrary under M3 and M4 strategies the watering depth were significantly lower from 20 to 45 mm and much more similar to the common practice of the district. Ventrella D., Di Giacomo E., Fiorentino C., Giglio L., Lopez R., Guastaferro F., Castrignanò A. The results of land cover maps obtained from satellite information allowed to quantify the cultivation and spatial distribution in the study area. In particular, 925 ha in 2007 and 850 ha in 2008, of 62000 ha of the study area, were cropped with water melon. The area cultivated with water melon in 2007 changed in 2008 with 295 ha (32%) retaining the same crop, 607 ha (66%) cropping with cereal crop (particularly winter wheat) and other 23 ha (2%) remaining as fallow or for other crops (Fiorentino et al., 2009) . Table 6 reports the crop distribution in the most important unit maps with the corresponding irrigation volumes determined at seasonal scale. Assuming the M3 or M4 strategy, in 2007 the irrigation requirements were homogenously distributed in areas of Ginosa Marina and Metaponto (50 and 40% respectively) and the remaining 10% in Bernalda area. Such spatial distribution changed in 2008 with the inclusion of Pantano area (12%) and with the irrigation requirements of Ginosa, Metaponto and Bernalda being equal to 43, 38 and 7%, respectively.
In Figures 6 and 7 , the maps on the spatial distribution of irrigation efficiency for each irrigation strategy and calculated with Eq. 7, is reported. In such figures the data are reported according to land use map of INEA (2001) . From these figures one can see that the unit B-S1, corresponding to S1 soil and the climatic area of Bernalda, had always the lowest values of Ei in the four managements: 27 vs 45% of the other map units in 2007 and 19 vs. 46% in 2008. In general, the values of Ei increased moving from M2 to M4. Without significant differ- Ital. J. Agron. / Riv. Agron., 2010, 5:193-204 
Conclusions
The use of model SIMODIS allowed to estimate the principal components of soil water balance at distributed scale in an area of Southern Italy and cultivated mainly durum wheat and water melon. The approach described in this study involved: (1) a climatic characterization, (2) the crop cover distributions for winter wheat and water melon, obtained from processing remote sensed images (3) a delineation of homogeneous areas on the basis of information of texture and soil organic matter, (4) hydraulic characterization of the four soils applying the pedotransfer-function to estimate the hydrological parameters, and (5) the application of the physically-based SIMODIS model for the two crops in order to compare the impact on soil water balances of four different irrigation strategies. For wheat cultivation, the soil water balance has been characterized by not significant differences among the map units with the exception of soil S1 in the Central part of the region (Bernalda) that showed the lowest value of actual transpiration and the highest one of deep percolation.
However, for water melon cultivation, this study allowed to identify the most sensitive zones to water losses by deep percolation. The sandy soils, S3 in the Northern part (Ginosa) and S1 in Central part (Bernalda), characterized by low water retention and high values of hydraulic conductivity, were affected by the highest values of deep percolation and volumes of irrigation and lowest of irrigation efficiency as calculated by eq. (7).
For the irrigation strategies based on the concept of "allowable depletion of soil readily available water", the efficiency was higher when a depletable fraction of 0.25 was applied and the results obtained in term of watering depth (20 mm) and number of irrigation for season (about 10) were very similar to those actually adopted by the farmers of the region. With irrigation carried out when the soil water reservoir is completely depleted (M2) the losses by deep percolation tended to increase and consequently the irrigation efficiency decreased.
The irrigation strategy based on monitoring of plant water status (M5) showed lower values of efficiency compared to the other irrigation strategies or at least similar to M2, as obtained in 2007.
In conclusion, the proposed methodology based also on the application of SIMODIS, confirmed to be an useful tool to analyse the soil water balance at spatial scale and to be a functional approach usable by the local irrigation authority in order to plan the water resources distribution to irrigate profitable horticultural crops at district scale. 
